Abstract-The development of mode division multiplexing has found numerous interesting applications in optical sensing. A major challenge has been how to control the mode composition of the interrogation signals. In this work, we presented a timedomain method that can adaptively control the form of optical signals at multiple locations in a two-mode-fiber. We also carry out a preliminary study that suggests the method of adaptive mode control is compatible with the requirements of optical sensing.
mode dependent. Therefore, in order for such a sensor network to function properly, accurate control of mode composition within the FMF is often required.
Previously, we have reported an adaptive optics (AO) based approach that can control the form of optical waves in a twomode fiber (TMF). Our method relies on a stepwise sequential algorithm [11] − [13] , with feedback signals produced by optical field distribution [11] , the coupling ratio of a directional coupler [12] , and optical reflection by an FBG [13] . However, all our previous reports are based on continuous wave signals and therefore can only achieve mode control at a single location. In addition, selective excitation of LP modes in the FBG-based approach is accomplished at two different wavelengths [13] . Yet for a large number of sensor networks, it is highly desirable to be able to control the mode composition of optical signals at any desired location in the network at a specific operation wavelength. In this paper, by combining the FBG-based adaptive mode control in [13] and the time-division-multiplexing (TDM) method reported in [14] , we demonstrate adaptive mode control of LP modes at the same wavelength and at multiple locations. A preliminary study on the feasibility of temperature sensing under adaptive mode control is also presented.
II. EXPERIMENT SETUP AND PRINCIPAL
As illustrated in Fig. 1(a) , we incorporate multiple inline FBGs in a TMF and use pulsed optical signals for mode control. Since the speed of light in a TMF can be easily determined in advance, we can associate any reflected signal with the FBG that produces the signal, based on the arrival time of the reflected signal. As a result, if we want to selectively excite a specific LP mode at any given FBG location, all we need to do is to use the reflection signal produced by the desired FBG for AO feedback. As a proof-of-concept experiment, it is sufficient to consider only two gratings. In the future, by inscribing multiple ultraweak FBGs within a TMF network, we can apply the method developed here for quasi-distributed mode control within the TMF. A direct application is the absorption-based FMF sensor networks we recently analyzed in [15] .
The experimental setup for time-domain adaptive mode control is shown in Fig. 1(b) . In order to generate interrogation signals for mode control, a distributed feedback (DFB) laser (QPhotonics, QDFBLD-1530-20) is modulated by an electrooptic modulator, together with a pulse generator. After modulation, the optical signal is converted into a free space beam using a collimator (L1), with its wavefront modulated by a 0733-8724 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. deformable mirror (DM) (Boston Micromachines). Afterwards, the free space beam is coupled back into a ∼345 meter long TMF by an objective lens (L2, 10×). The TMF (OFS) possesses a step-index profile and supports the LP 01 and the LP 11 modes at the operation wavelength. For adaptive mode control, we use FBGs that were directly written in the TMF by Ascentta Inc. These two FGBs are spliced into the TMF, with FBG1 placed ∼ 200 meter far away from the fiber input port, and FBG2 spliced near the output port of the TMF. At the output of the TMF, we use an objective lens (L3, 100×) and a near infrared CCD camera (Allied Vision Technologies, Goldeye-032) to capture optical field distribution on the fiber facet. Since FBG2 is placed near the TMF output, we can use the CCD images to validate the results of mode control. A beam splitter (BS1) is placed before L2 to collect FBG reflection signals. The strength of the reflection signal is measured using a photodiode (PD1). Similarly, another beam splitter (BS2) and photodiode (PD2) are placed behind L3 to detect transmission signals. Signals from the two PDs are acquired by a digitizer (National Instruments, NI-5114, 250 MS/s sampling rate), and analyzed by the computer (PC) to provide the feedback for the DM for adaptive mode control. The reflection spectra of the two FBGs are measured using a component test system (CTS, Micron Optics, HR-SLI) and a circulator, as shown in Fig. 2(a) . Both the CTS and the circulator are connected using the standard single mode fiber (SMF-28). The FBG, written in the TMF, is directly spliced to the SMF. We intentionally introduce a small misalignment for the SMF-TMF splice, which ensures that the LP 01 mode in the SMF can excite a mixture of the LP 01 and the LP 11 mode in the TMF. This misalignment leads to additional splice loss (∼ 8-9 dB). However, since we are only interested in measuring the peak reflection wavelengths associated with the LP 01 and the LP 11 mode, this additional loss does not impact our mode-control process. Representative measurement results for the two FBGs are shown in Fig. 2(b) . The effective refractive index of the LP 11 mode is lower than the LP 01 mode in a TMF, thus we can attribute the dominant peak (at ∼1529.70 nm) to the LP 01 mode (denoted as λ 01 ), and the much weaker one (at ∼1528.35) nm to the LP 11 mode (denoted as λ 11 ). Note that the reflection peaks of the two FBGs are well matched and are located at nearly identical wavelengths.
In order to control the mode within the TMF, we first define an objective function F for AO feedback:
where P T denotes transmitted signal power, and P (i)R represents the power of the signal reflected by the ith FBG. The superscript i, which can be either 1 or 2, denotes the FBG that produces the reflected pulse and is identified through the pulse arrival time. In our experiments, the transmitted and reflected power are replaced by the corresponding mean amplitude of the PD pulse voltage, i.e., V T and V
R . Clearly, our feedback signal F (i) is proportional to the ratio of optical transmission and reflection of the ith FBG.
The principle of adaptive mode control is based on the observation that at an appropriate wavelength, FBG reflection in a TMF can be highly mode dependent, as can be clearly seen in Fig. 2(b) . In our experiments, we set the operation wavelength at λ 01 , which coincides with the reflection peak of the LP 01 mode. If the incident wave is purely LP 01 , it experiences maximum reflection and minimum transmission, which means a relatively small feedback signal F (i) . On the other hand, a purely LP 11 incident signal at λ 01 should produce minimal FBG reflection, thus resulting in a very large feedback function value F (i) . Therefore, at the operation wavelength of λ 01 , by maximizing the feedback function F (i) in (1), we should be able to selectively excite a pure LP 11 mode at the ith FBG location. Similarly, if we maximize 1/F (i) at λ 01 , we can set the optical field at the ith FBG location to be the pure LP 01 mode. Experimentally, the adaptive feedback process is achieved by adjusting the wavefront of the optical wave reflected by the DM, with the goal of maximizing or minimizing the objective function F (i) . As in [13] , a single iteration, where we sequentially adjusted the phase of all DM blocks, is referred to as one optimization cycle. For a more detailed description on the algorithm and the optimization procedure, refer to [13] .
III. RESULTS

A. Adaptive Mode Control Through Maximizing F (i)
To verify the feasibility of time-domain-based mode control, we first carry out experiments using only one FBG. Specifically, we remove FBG1 from the setup in Fig. 1(b) , with only FBG2 spliced at the end of the ∼145 meter long TMF. In the experiments, the modulation pulse width is 300 ns (including 100 ns rising and falling edges), and the repetition frequency is 250 kHz. During phase modulation of individual DM blocks, the digitizer samples the PD signals within a 400 µs window. We determine the values of V T and V R , is used for adaptive mode control. Fig. 3(b) and (c) show the initial and optimized reflection and transmission signals (labeled as "Init." and "Opt." respectively) of Ex1. In Fig. 3(b) , the temporal separation between the two pulses (∼1.4 µs) corresponds to a fiber length of ∼145 m. As can be clearly seen in Fig. 3(b) , after optimization,
R is close to the minimal resolvable level of the digitizer (∼0.1 mV), whereas reflection due to the cleaved TMF front facet remains nearly the same as before optimization. This measurement result is consistent with selective excitation of pure LP 11 mode at FBG2. Fig. 3(d)-(f) show the variations of V (2) R , V T , and the feedback function F (2) during the entire optimization process (seven cycles in total) of Ex1-Ex4. Within each optimization cycle, all three values exhibit significant variations. This is due to the fact that the DM inevitably produces numerous "wrong" wavefronts before selecting the most appropriate one for the desired outcome. However, it is clear that V (2) R (associated with FBG2 reflection) tends to decrease consistently throughout the entire optimization process. Additionally, Fig. 3(f) suggests that it generally takes 1 or 2 optimization cycles for the output field to become almost purely LP 11 . Fig. 3(g) , which shows the TMF output at the end of each optimization cycle for Ex1, confirms this observation. It also agrees well with Fig. 3(b) and (c). Fig. 3(h) shows the initial and the final optimized field distributions of Ex1-Ex4. The initial distributions are intentionally chosen to be significantly different from the desired LP 11 mode profiles. Yet after optimization, the final intensity profiles are the superposition of two degenerate LP 11 modes, since the pixel intensities at the center are very close to zero. One interesting feature in Fig. 3(e) is that the value of V T tends to decrease after optimization. A possible explanation is that in our setup, the coupling efficiency of the LP 11 mode is lower than that of the LP 01 mode. Therefore, the initial states, which contain significant LP 01 component, should possess higher coupling efficiency. Additionally, in this experiment, we do not consider coupling efficiency in our optimization processes. Therefore, the adaptive mode control process may lead to a purer LP 11 mode at the expense of lower coupling efficiency.
To quantitatively analyze the composition of the LP modes during optimization, we utilize the mode contrast ratio (MCR) defined in [12] . Specifically, as shown in Fig. 4(a) , we first define a small 7×7 pixel block at the center of the fiber core. Then we find the minimal intensity I min within this central block, as well as the maximum intensity I max of the entire image. MCR is defined as:
Notice that MCR is positive and always less than 1. MCR quantitatively describes the relative strength of the LP 01 versus the LP 11 mode. Since the LP 11 mode must be zero at the fiber center, a small MCR that is close to 0 indicates that the majority of the optical power is carried by the LP 11 mode. On the other hand, if MCR is close to 1, then guided wave should be dominated by the LP 01 mode. For Ex1 to Ex4, the variations of MCR during optimization are given in Fig. 4(b) . From Fig. 4 (b) we can see that after three optimization cycles, the MCR for all four representative experiments falls below −15dB. Considering the effect of the CCD noise, Fig. 2(f) confirms that the optical field at the FBG location should be almost entirely LP 11 .
B. Adaptive Mode Control at Different FBG Locations
The above experiments confirm the feasibility of adaptive mode control based on time-domain measurements. To demonstrate adaptive mode control at multiple locations, we splice FBG1, as well as the ∼200-meter-long TMF preceding it, with the ∼145-meter-long TMF containing FBG2, as illustrated in Fig. 1(b) . During the experiments, the modulation pulse is the same except that pulse repetition rate is set to 125 kHz. All other experimental parameters and procedure remain the same. Fig. 5(a) illustrates three reflection pulses produced by the fiber: one by the front fiber facet (Pulse 0), and the other two by FBG1 and FBG2 (Pulse 1 and 2), respectively. Similarly, the temporal PD1 voltage associated with FBG1 reflection signal is denoted by V (1)R and V (1) R represents the mean amplitude of Pulse 1. Fig. 5(b) and (c) show the initial and optimized reflection and transmission signals of two representative experiments (Ex5 and Ex6). In Ex5/Ex6, we optimize the mode profile at the locations of FBG1/FBG2 to pure LP 11 mode, through maximizing the objective function F (1) /F (2) , respectively. Obviously, as shown in Fig. 5(b) , the reflected signal from the desired FBG decrease to almost zero. (The "extra" pulse at ∼5 µs in Fig. 5(b) is likely due to multiple reflections by the two FBGs.) Fig. 5(d)-(f) show the values of V (i) R , V T , and the objective function F (i) obtained during the entire seven optimization cycles for Ex5 and Ex6. As R /V T , the power reflection coefficients associated with the two gratings exhibit strong linear relationship. This result suggests that the mode compositions at these two FBG locations should be very similar, which indicates that the effect of intermodal coupling in the ∼145 meter long TMF is not significant. Such information on intermodal coupling is important for many applications including MDM, and MMF-based sensing as well as imaging.
C. Adaptive Mode Control Through Maximizing 1 / F (i)
Our previous results on adaptive mode control are achieved through maximizing the ratio of the transmitted signal power to that reflected by the FBG. However, this methodology is only applicable in the case of TMF. To see this point, let us consider what may happen if we were to apply the same method for adaptive mode control in a MMF that supports a large number of LP modes. To be more specific, let us set the operation wavelength at the FBG reflection peak of the LP 01 mode. Under this condition, it is easy to see that an arbitrary mixture of various LP modes without any LP 01 component can maximize the objective function in (1) . As a result, the procedure described in Sections III-A and ІІІ-B cannot excite a specific LP mode in a MMF. To address this drawback, we here modify our approach and aim to maximize the reciprocal of the objective function 1/F (i) , instead. By setting the operation wavelength at the reflection peak of any given LP lm mode and maximizing 1/F (i) , we should be able to selectively excite a pure LP lm mode at the ith FBG location. As a proof-of-concept demonstration, we carry on this mode control experiment using the same TMF. We use the same previous experimental setup with only one FBG. Here we use a different FBG (FBG3), which is written in the same TMF with λ 01 = 1550.06 nm and λ 11 = 1548.67 nm. Correspondingly, we use another DFB laser (QPhotonics, QDFBLD-1550-20) that can be thermally tuned to match the two reflection peaks of FBG3. This DFB laser has a larger wavelength tuning range, which is more suitable for the preliminary sensing study in Section IV. Except for the change of FBG and DFB laser, all other experimental procedure remains the same.
Experimentally, we excite the pure LP 01 mode at the FBG3 position by setting the DFB laser wavelength at λ 01 and maximizing 1/F (i) using the AO approach described in the previous section. Fig. 6 summarizes the results of four representative experiments (Ex7-Ex10). Similarly, we define V (3)R as the temporal reflection signal produced by FBG3 and V (3) R is the mean amplitude of its pulse. Fig. 6(a) and (b) show the initial and optimized reflection and transmission signals of Ex7, respectively. Obviously, after optimization, the ratio of V R to V T which here represents the objective function, 1/F (3) , is shown in Fig. 6 (e). It is obvious that the objective function significantly increases during the first 2 optimization cycles, corresponding to the selective excitation of almost purely LP 01 . Fig. 6(f) shows the initial and optimized field distribution of Ex7-Ex10, which confirms that regardless of the initial field, at the end of the optimization process, the final optical field at the FBG3 becomes the LP 01 mode. 
IV. TEMPERATURE SENSING WITH ADAPTIVE MODE CONTROL
Controlling the mode composition of interrogation signals within a FMF sensor network could have numerous important applications. An example is the large scale multiplexing of absorption-based sensors, as theoretically analyzed in [15] . To confirm the procedure for adaptive mode control is compatible with the general requirement for fiber sensing, we carry out a proof-of-concept temperature sensing experiment, where we selectively excite the LP 01 mode of the TMF, and use the LP 01 reflection peak for temperature sensing. The experiment setup is the same as Fig. 1(b) , except the two FBGs have similar reflection peaks in the vicinity of 1550 nm. (One of the matched FBG pair is FBG3 discussed in Section III-C. The DFB laser is also the one in Section III-C). Experimentally, we optimize the mode to be LP 01 based on the feedback signal 1/F (1) provided by FBG1. Then we use a custom build oven to heat FBG2 to different temperatures, and measure its reflection spectrum associated with the LP 01 mode at each temperature value. The reflection spectrum is obtained by tuning the DFB laser wavelength (by adjusting DBF laser operation temperature) and recording the reflection strength of PD1 at different wavelengths. Thermally tuning the DBF laser wavelength limits the number of wavelength measurements we can perform. (A representative result is shown as the inset of Fig. 7 . The DFB Fig. 7 . Shift of the peak reflection wavelength of FBG2 at different temperatures for the LP 01 mode. Inset figure is the reflection spectrum of FBG2 when it is heated to 36.3˚C. laser wavelength is calibrated at different thermistor values by an optical spectrum analyzer (OSA203). For the inset in Fig. 7 , FBG2 is heated to 36.3˚C.
By measuring the reflection spectrum of FBG2 at different temperatures, we can extract the peak reflection wavelength shift versus the temperature of FBG2. As illustrated in Fig. 7 , the results exhibit apparent linear relation between the shift of the peak reflection wavelength and temperature. The experimental error is likely dominated by the limited number of DFB laser wavelength we can scan by adjusting thermistor values. As a proof-of-concept experiment, we only show the result for LP 01 mode. However, it should be possible to apply the method present in this paper to achieve adaptive control of mode composition off the interrogation signals in FMF / MMF based sensors or sensor networks.
V. DISCUSSION AND CONCLUSION
The accuracy of the optimization process described above can potentially be impacted by factors such as fiber Rayleigh scattering, detector noises, and digitizer resolution. In our current setup, the main limiting factor is likely the resolution of the digitizer (8 bits only), which prevents us from accurately detecting weak FBG reflections. The optimization speed of the current experimental system is mainly limited by the software overhead, and it takes ∼20 s for one optimization cycle. By using fast FPGA chips for signal processing, it is possible to reach the maximal frame rate of the DM, i.e., ∼34 kHz. Under these conditions, it should only take ∼50 ms to complete one optimization cycle.
It is worth mentioning that the polarization states of the optical signals are not controlled in our experiments. Fortunately, the reflection characteristics of standard FBGs should not exhibit significant polarization dependence [16] . Thus, the results of the AO-based mode control should not be impacted by polarization. On the other hand, if we were to use polarization-dependent reflection signals as feedback, such as reflection by tilted FBGs [17] , we should be able to selectively excite LP modes with specific polarization.
It is possible to extend our adaptive mode control procedure for other sensing methods such as Brillouin optical time domain reflectometer [18] . Fundamentally, the Brillouin frequency shift is directly proportional to the effective refractive index of different modes. Therefore, different LP mode should produce distinct Brillouin signals in the frequency domain. As a result, we should be able to use Brillouin reflection and the method described in this paper to achieve adaptive mode control in a fully distributed manner.
In conclusion, by combining the TDM technique reported in [14] with AO, we can adaptively control the form of optical signals at multiple FBG locations within the TMF. The feedback for AO-based mode control is determined by the magnitudes of the transmission pulse and reflection pulse from specific FBG. Experimentally, we have demonstrated that by maximizing the objective function F at the FBG peak reflection wavelength associated with the LP 01 mode, we can set optical fields at two different FBG locations to be almost purely LP 11 , respectively. Also, we experimentally showed that by maximizing 1 / F at the FBG reflection wavelength of the LP 01 mode, we can excite the LP 01 mode at the FBG position. A preliminary study also shows that the procedure for adaptive mode control is compatible with the requirement for optical sensing.
In the future, by inscribing multiple weak FBGs in the TMF and applying the method developed here, it should be possible to adaptively control the composition of interrogation signals within a TMF network in a quasi-distributed manner. Additionally, since FBGs written in MMFs can exhibit multiple reflection peaks [19] , we should be able to use the procedure described in Section III-C to excite different LP modes and generalize our protocol for MMF-based optical sensor networks
